c Istituto per lo Studio dei Materiali Nanostrutturati (CNR-ISMN), Consiglio Nazionale delle Ricerche, via P. Gobetti 101, 40129 Bologna, Italy ABSTRACT Hybrid systems have great potential for a wide range of applications in chemistry, physics and materials science. Conjugation of a biosystem to a molecular material can tune the properties of the components or make new ones arise. As a workhorse, here we take C 60 @lysozyme hybrid. We show that lysozyme recognizes and disperses fullerene in water. AFM, Cryo-TEM and high resolution X-ray powder diffraction
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Proteins as Supramolecular Hosts for C 60 The insolubility of fullerene in a physiological environment and the formation of fullerene aggregates, also in organic solvents, hampers its exploitation. 18 The photophysical and photochemical properties of C 60 depend strictly on the nature of the fullerene dispersion and a strict control of the dispersion is truly necessary for technological applications. 19, 20 Different approaches have been used to increase the dispersion of fullerenes, each with its own drawbacks: ii) Synthesis of water-soluble fullerene derivatives by chemical functionalization with hydrophilic groups of pristine fullerene. 4, 25, 26 The chemical functionalization of the fullerene shows limitations due to fact that soft derivatization processes maintain the tendency of these amphiphilic C 60 derivatives to aggregate, 27 while multiple functionalization leads to the alterations of the unique structure of fullerene and has a negative influence on its peculiar properties; thus, restricting the potential for applications.
iii) Use of dispersants such as surfactants, block copolymers, amphiphilic polymers, micelles and liposomes. 28, 29 The use of dispersants is effective and a large quantity of C 60 can be dispersed also in water. The resulting solutions are characterized by polydispersion of fullerene aggregates of different sizes, because the fullerenes may exist in the form of both small aggregates solubilized within the hydrophobic core of the nanostructures formed by the dispersants and large aggregates stabilized by surface adsorption of the dispersants. 28, 29 iv) Dispersion of C 60 by suitable carriers endowed with hydrophobic cores, such as cyclodextrins, calixarenes, and other macrocyclic receptors or molecular tweezers. [30] [31] [32] The supramolecular approach is the most effective way to obtain monodispersed pristine fullerenes. Subsequent aggregation of the inclusion complexes 33 is common and for some biological application the fullerene host may be toxic.
Many proteins are known to interact with fullerenes. Few are the studies that aim to exploit the protein-C 60 recognition process for technological application. When proteins were used to disperse fullerene in water, they were simply used in lieu of surfactant molecules,the appropriate size to fit the fullerene cage; ii) a recognition process based on concave-convex complementarity; iii) a high degree of pre-organization of the host (due to the 3D structure of the protein) that lowers the entropic cost for guest binding. . 72 The particle size distribution ( Figure 3b) shows that the C 60 @lysozyme are monodispersed and there is no presence of nC 60 aggregates. These aggregates were previously observed when proteins or other surfactants were used as dispersants. They showed faceted, high-contrast particles, characteristic of crystalline aggregates. 68, 69, 73 Furthermore, when fullerene aggregates (nC 60 ) are present in solution, X-ray diffraction patterns show peaks that evidence the presence of crystalline aggregates of fullerene. 74, 75 The high resolution X-ray powder diffraction pattern of a freeze-dried C 60 @lysozyme solution does not show any diffraction peak ( Figure 3c ). 
RESULTS
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Photoinduced reactive oxygen species (ROS) generation by C 60 @lysozyme hybrids C 60 shows a significant visible light-induced generation of ROS, that can be exploited in photodynamic therapy [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] or photocatalysis. [88] [89] [90] [91] However, the use of C 60 molecules in water still presents important restrictions in its application due to both the dependency of C 60 properties on the physiological environment and the related aggregation phenomena 92 and C 60 poor solubility. 18 Aggregation is a well-known factor that deactivates the electronically excited states of photosensitizers, drastically decreasing the long-lived triplet excited state lifetime, and consequently reducing the ROS production efficiency. 19, 20, 92, 93 When fullerene aggregates are present, Importantly, in the case of the type I mechanism, measurements involving C 60 need the addition of a sacrificial electron donor, as for example NADH or triethylamine.
C 60 @lysozyme hybrid, however, does not need any external electron donors because the protein residues do this work. This means that the type I mechanism is selfactivated in the C 60 @lysozyme hybrid, due to the presence of the protein itself.
The high performances of C 60 @lysozyme in the visible light-induced generation of ROS in water suggest the potential use of this hybrid as an agent for photodynamic therapy. [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] Photogenerated singlet oxygen can be used also in synthetic organic chemistry. Even though singlet oxygen is a short-lived metastable excited state of molecular oxygen, it is a practical reagent for compound oxidation and can form carbon-oxygen and heteroatom-oxygen bonds. [88] [89] [90] [91] 
CONCLUSION
In this paper we demonstrated that lysozyme can be used as a host molecule to recognize and disperse fullerene in water. AFM, Cryo-TEM and high resolution X-ray powder diffraction showed that the C 60 dispersion is monomolecular. The adduct is biocompatible, stable in physiological and technologically-relevant environments, and easily storable. The electrochemical properties of C 60 are preserved in the C 60 @proteins hybrid suggesting new applications in electrochemical catalytic systems, biosensing or bioelectronics. EPR spin-trapping experiments showed that the C 60 @lysozyme hybrid is able to produce a considerable amount of ROS following both the type I and type II mechanism. This behavior suggests potential application of C 60 @proteins in photodynamic therapy or in organic synthesis as singlet oxygen generator. Considering the use of C 60 in nanomedicine, C 60 @proteins hybrids may be also potentially used for sonodynamic therapy, enhanced microwave and radiowave induced hyperthermia, photothermal treatment and optoacoustic imaging.
In addition, the different chemical groups offered by the protein platform allow an easy route for the functionalization of the hybrid, without altering the structure and properties of fullerene. C 60 @protein hybrids could be augmented by using 1) targeting tags able to improve the cell/bacterial selectivity and promote the uptake of the C 60 @proteins hybrid in cancer or antimicrobial therapy; 2) imaging tags to create an innovative, protein based theranostic platform; 3) light-harvesting antennae to extend the absorption spectrum of the C 60 @proteins hybrid further into the red. Furthermore, these hybrids could be used to create stable and ordered C 60 suprastructures on surfaces with potential applications in nanotechnology, ranging from sensors and photovoltaic cells to nanostructured devices for advanced electronic applications.
Proteins other than lysozyme can be exploited in the future to tune the C 60 properties 94 and to shape a variety of C 60 spatial arrangements on surfaces, controlling the C 60 molecular assembly. C 60 has not yet exhausted its role as a leading material, because its integration in biomolecules will pave the way to new innovative applications.
MATERIALS AND METHODS
Synthesis of C 60 @lysozyme and C 60 @2-cyclodextrin hybrids.
The adduct of C 60 @2-cyclodextrin and C 60 @lysozyme was synthesized as described previously. EPR spectroscopy. EPR spectra were recorded at 298 K using an ELEXYS E500 spectrometer equipped with an NMR gaussmeter for the calibration of the magnetic field and a frequency counter for the determination of g-factors that were corrected against that of the perylene radical cation in concentrated sulfuric acid (g = 2.002583).
Light irradiation and EPR measurements were carried out on the sample in a capillary 
